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S U M M A R Y
T h e  effec ts  o f  h y p o x ia  in b a l lo t in i  a n d  q u a r t z  sa n d  w ith  re sp e c t iv e ly  la rge  a n d  sm a ll  soil p o re  d ia m e te r s  on  ro o t  
p o ro s i ty  w as  s tu d ie d  fo r Rumex palustris S m .,  Rumex acetosa L . a n d  Plantago major L . ssp . major. U n d e r  h y p o x ic  
c o n d i t io n s  R. palustris p r o d u c e d  la rg e  ro o t  p o re s  w h e n  la rge  soil p o re s  w e re  p re s e n t .  A b s e n c e  o f  s u c h  la rge  soil 
p o re s  r e s u l te d  in th e  c o llap se  o f  th e  ro o t  s t r u c tu r e  an d  a r e d u c e d  ro o t  g ro w th .  In c re a s e s  in in te rc e l lu la r  sp aces  in 
P. major ro o ts  s e e m e d  to re s u l t  in a h ig h e r  ro o t  p o ro s i ty  u p o n  h y p o x ia ,  a sm all soil p o re  d ia m e te r  o r  a c o m b in a t io n  
o f  b o th  b u t  th is  w as  n o t  s ig n if ic a n t .  O n ly  a l im i te d  n u m b e r  o f  ro o ts  w ith  la rge  ro o t  p o re s  w as p r o d u c e d .  T h e  
m o rp h o lo g ic a l  s t r u c tu r e  o f  P. major ro o ts  w i th o u t  la rge  ro o t  p o re s  r e m a in e d  in ta c t  also in so ils  w i th  a sm a ll  soil 
p o re  d ia m e te r .  R. acetosa o n ly  s l ig h t ly  in c re a se d  its ro o t  p o ro s i ty  u p o n  h y p o x ia  a n d  its m o rp h o lo g ic a l  s t r u c tu r e  
also r e m a in e d  in ta c t  w h e n  soil p o re  d ia m e te r  w as sm all .  R ad ia l  o x y g e n  loss ( R O L )  w as fo u n d  in R. palustris ro o ts  
w h e n  g ro w n  in w a te r lo g g e d ,  u n c o m p a c te d  soils . P. major h a d  so m e  ro o ts  w i th  R O L  in  all t r e a tm e n ts  e x c e p t  in 
w a te r lo g g e d ,  c o m p a c te d  soil. R. acetosa d id  n o t  p ro d u c e  an y  ro o ts  s h o w in g  R O L .  U n d e r  field c o n d i t io n s  
a e re n c h y m a  is o f  n o  use  in w a te r  s a tu r a te d ,  c o m p a c te d  soils. T h i s  e x p la in s  w h y  a sp ec ie s  like R. palustris o n ly  
g ro w s  on  h y p o x ic  soil w h e n  it is n o t  c o m p a c te d ,  in c o n t r a s t  to  P. major w h ic h  w ill g ro w  on  m o is t ,  c o m p a c te d  soils. 
R. acetosa c a n n o t  be  fo u n d  on  e i th e r  v e ry  m o is t  o r  h ea v ily  c o m p a c te d  soil, s in ce  it d o es  n o t  p ro d u c e  a h e a l th y  ro o t  
sy s te m  u n d e r  th e se  c o n d i t io n s .
K ey  w o rd s :  Soil a e ra t io n ,  soil p o re  d ia m e te r ,  ro o t  p o ro s i t ie s ,  rad ia l  o x y g e n  loss.
I N T R O D U C T I O N
T h e  root pa ttern  of a p lant strongly affects its 
possibilities to explore the su r ro u n d in g  subs tra tum  
for water and nu tr ien ts  (F i t te r  et a l.y 1991). T h e  
pattern  may differ between individuals of one species 
as a result of physical soil param eters ,  which hence 
influence the developm ent of the entire plant 
(Engelaar, Jacobs & Blom, 1993). T h e  root pa t tern  
itself is the result of topology, b ranch ing  charac te r­
istics and elongation rates of individual roots (Fitter ,  
1987). Elongation of the roots is strongly affected by 
two physical soil param eters ,  oxygen availability and 
mechanical resistance (T acke t t  & Pearson, 1964), 
and their  interaction (Bengough & M ullins,  1990).
Linder field condit ions these soil characteristics 
are not always favourable for root elongation. In 
river floodplains soils may be flooded regularly or 
irregularly (Voesenek, Blom & Pouwels, 1989), 
inhibit ing gas exchange between the a tm osphere  and 
the soil pores (P o n n am p eru m a ,  1984). As the oxygen
diffusivity decreases and the rem aining  oxygen is 
consum ed  by p lant roots and soil organisms the soil 
becomes anoxic (A rm strong,  1979). M any  wetland 
species overcome these difficulties by the formation 
of aerenchym atous  roots (Jackson & D rew , 1984; 
A rm strong  et cil.y 1991) often in com binat ion  with 
shoot elongation to restore its contact w ith  the 
a tm osphere  (Voesenek et cil., 1992). T h ese  roots do 
not depend  on external oxygen for their  respiration, 
bu t  on a tm ospheric  oxygen that  reaches the root tip 
via the aerenchym a (A rm strong ,  1979; Laan et al 
1990). Som e of this oxygen may be lost to the 
rh izosphere  by radial oxygen loss (Laan  et a l.y 1989). 
So, the am o u n t  of oxygen available to the root tip in 
anoxic soils depends  on: the root porosity, the radial 
oxygen loss and the am o u n t  tha t  is consum ed  in the 
m ore  basal parts  of the root (A rm strong  & Beckett,
1987). A no ther  p rob lem  roots may face in the river 
floodplains is a high mechanical resistance of the soil 
to penetra t ion  as a result  of t ram pling  (L iddle  & 
G re ig -S m ith ,  1975) or repeated d ry /w e t  cycles
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(Hadas, 1990). W h en  soil pore diameters are smaller 
than  the root diameter,  roots will experience diffi­
culty in penetra t ing  the soil. T h e  force needed by the 
root to penetrate  the soil increases with increasing 
resistance of the soil particles to d isplacement 
(W iersum, 1957). Elongation of the roots is inhibited 
and the root expands radially (M ackie-Dawson, 
1989; Bengough & M ullins,  1991). T h is  radial
expansion is believed to deform the soil in front of 
the tip so that  penetra t ion  becomes possible (Abdalla
& Hettiaratchi,  1969; Hettiaratchi,  1990). Therefore ,  
the radial pressures the root can exert on the soil 
m igh t  be essential for its penetra t ing  abilities.
W e hypothesize that  when soil hypoxia is 
com bined  with a large mechanical resistance, the 
large air pores in roots of some species will not 
w iths tand the pressures exposed on them  as a result 
of the radial expansion of the root. T h e  
aerenchym atous s truc ture  may distort,  resulting in a 
weak aeration of the root tip, a decreased radial 
oxygen loss and an even more inhibited root growth.
T h is  paper  describes the testing of this hypothesis  
by exposing roots of R um ex palustris Sm., R um ex  
cicetosa L. and Plantago major L. ssp. major to 
hypoxia, a small confined pore d iam eter  and a 
combination  of both, under  otherwise favourable 
conditions. Effects of hypoxia as the result of 
waterlogging and increased bulk density on radial 
oxygen loss from the roots of these species were 
tested by a pot experiment.  R. palustris was chosen as 
a representative of species occurring on low places in 
the river floodplains where plants f requently  have to 
face flooding and the accom panying hypoxic soil 
conditions (Voesenek et <?/., 1989; B lom  et a l.y 1990).
P. major is generally found on and along paths
(K utschera ,  1960; Blom, 1976; Blom, H usson  & 
Westhoff, 1979) where the soil is compacted  and 
mechanical resistance to root penetra t ion  will be 
high in com bination  with  a small soil pore diameter.  
R. acetosa was chosen as a control species as it occurs 
on those places in the river floodplains which are 
neither  frequently  flooded nor regularly tram pled.
M A T E R I A L S  A N D  M E T H O D S
Experimental design
T w o  separate experim ents  were perform ed. A water 
culture  exper im en t  was carried out to test the effects 
of soil hypoxia, a small soil pore d iam eter  and the 
com binat ion  of both  on elongation and porosity of 
individual roots. T h e  effects of waterlogging, in ­
creased bulk density and the com binat ion  of both,  on 
grow th  param eters  and radial oxygen loss was 
s tudied by means of a pot experim ent.
Plant material
F or  both  exper im ents  R um ex palustris , R um ex  
acetosa and Plantago major ssp. major seeds were
collected from river floodplains near Nijmegen, T h e  
N ether lands .  Seeds germ inated  on moist filter paper 
in petri dishes at a tem pera tu re  of 10 °C, 12 h /2 5  °C,
12 h. Seedlings having two fully developed leaves 
were used at the start  of the experiments.
\
Effects o f small pore diameter and hypoxia on 
individual roots
T h e  seedlings were placed in four water culture  
systems (Fig. 1). Each system existed of two major 
c o m p o n e n ts : the root com par tm en t ,  in which the 
plants grew, and the nu tr ien t  com par tm en t ,  co n ­
taining 25 1 of a modified H oagland  solution 
(Hoagland & Arnon, 1950). T h e  solution was 
p u m p ed  from the nu tr ien t  co m p ar tm en t  to the 
bo ttom  of the root com par tm en t ,  at a rate of 
lO O m lm in -1. It  was recollected in the nu tr ien t  
co m p ar tm en t  by a drainage tube at the top of the 
root com par tm en t .  T h e  nu tr ien t  solution, w hich  was 
refreshed twice a week, conta ined:  2'0 m M  N O ;j‘ ,
0-125 m M  N H 4+, 1-5 m M  K +, 1 m M  C a2+, 0-188 m M  
M g 2+, 0-25 m M  PO.,3" and 0-625 m M  S 0 42' .  A d d i ­
tional trace quanti t ies  of B, M n ,  Zn, Cu, M o 
and F e - E D T A  were added. In  the nu tr ien t  c o m ­
p a r tm en t  the solution was flushed with  air. F ro m  day
8 onw ards  two of the four systems were flushed with  
N 2. Oxygen concentra t ions of the nu tr ien t  solutions 
were de te rm ined  in samples from the rh izosphere  by 
means of a W inkler  t i tra t ion (D rew  & Robertson, 
1974). T h e  oxygen concentra t ions  in the nu tr ien t  
solution ranged from 5*71 m g I ' 1 at the start  to 
0*61 mg I-1 at the end and 5-39 to 6-86 for the 
nitrogen and air flushed situations, respectively. T h e  
root c o m p ar tm en t  was filled with e ither glass 
ballotini (diam 5-6 m m , S E M  0-18 m m ) or c o m ­
pressed quar tz  sand (diam 0*32 m m , S E M  0-04 mm).
Soil-pore diameters,  calculated for the m ean  particle 
size, were 1-74 m m  and 0*10 m m  for the ballotini and 
the quartz  sand respectively. T h e  lid of the root 
co m p ar tm en t  had holes for plants.  In the case of the 
quar tz  sand the lid was secured by screws, confining 
the sand to a fixed volume. T h e  four t rea tm ents  
therefore represented  a factorial com bina t ion  of 
aerobic and hypoxic solutions with  large and small 
pores. T h re e  plants  of each species were used per 
t rea tm ent ,  giving nine per  system in total. T h e  
systems were placed in g row th  cham bers  with a 
d a y /n ig h t  regime 16/8  h, 25 /20  °C. Relative 
hum id i ty  was in the range 4 0 - 7 0 %  and the 
PA R  (400-700 nm ) on plant level was 100— 
120 /¿mol m -2 s_1.
After 4 wk the shoots were separated from the 
roots. T h e  roots were carefully removed from the 
su b s t ra tu m  and rinsed with tap water. Per t rea tm en t  
and species one root system was pho tographed .  O f  
each plant the three to five thickest roots were 
selected, and 0-5 cm long sections of these roots 
( 0 '5 - l - 0 c m  beh ind  the root tip) were fixed for 1 h
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A
F ig u r e  1. Waterculture system existing of a root compartment (A) filled with quartz sand, diam. 0-32 mm 
or glass ballotini, diam. 5-6 mm and a nutrient compartment (B) with: circular nutrient inlet (1), nutrient 
drainage (2), lid (3), nutrient pump (4), gas inlet for air or nitrogen gas (5) and one-way valve (6). In root 
compartments filled with sand the lid (3) was mounted tightly to the box by means of 6 rods in PVC-tubes (7), 
secured by a nut (8) on either side of the soil. The nutrient solution was pumped in the direction of the arrows.
M pM i r
F ig u r e  2. System used for radial oxygen loss measurements existing of: 1, two glass plates, 2, inlet for N 2 
and agar solution with leukomethylene blue (3), 4, N 2 inlet to solution stock, 5, bulk roots and 6 selected thick 
roots.
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after vacuum  infiltration with P-buffer (0-095 m ) 
containing 1 % glutaraldehyde. Fixation with 
g lutaraldehyde gave the best reproducible  results for 
our  roots. A lthough some shrivelling of cortex cells 
may occur this was preferred over K M n 0 4, which 
very likely leads to swelling of the cells. After rinsing 
twice with P-buffer and twice with demineralized 
water the sections were dehydrated  in a series ot
increasing ethanol concentrations (30, 50, 70, 90, 100 
and 100 ° 0, each step 10 min). After incubation with 
a S p u r r  (Spurr ,  1969) em bedd ing -res in /e thano l  
m ix ture  (1:1 ,  twice for 30 min) and twice in 100 ° 0 
S p u r r  resin (2 and 12 h), the sections were placed in 
S p u r r  which was allowed to polymerize for 24 h at 
70 °C. Cross-sectional coupes of 100 /¿m thick were 
made with a glass-knife m icro tom e (Ivan Sorvall 
Inc. Connecticut) .  Tota l-surface  area and gas-space 
area of these coupes were measured on photographs,  
made th rough  a dark field microscope, by means of 
an area metre  (M O Psys tem , K on tron ,  G M B H ) .  
Gas-space area was calculated as the fractional root 
porosity, i.e. the percentage of surface area of the 
cross section occupied by intercellular cavities and 
aerenchym atous spaces.
Effects o f zcaterlogging and soil compaction on radial 
oxygen loss and grozvth parameters
For each species, twelve pots with volumes of 1-7 1 
were filled with  calcareous river sand (FA O  index: 
sand). In six pots bulk density was in the range
1-02-1-20 kg 1" \  and in the o ther  six the sand was 
compacted  to a bulk density of 1 -35-1 -52 kg 1 1. 
Tota l  pore volume was 55—1-8 % for the uncom pacted  
and 41—3 5 %  for the compacted series respectively. 
At the start of the experim ent the soils were 
moistened to 60 % of the water  holding capacity of 
the unconfined sand. O f  the total pore volume 
24—33 % in the uncom pacted  series and 4 3 - 5 4 %  in
the compacted  series was occupied by water after 
filling the pots. A lid was placed on all pots, with a 
hole for the plants in the centre. For  the compacted 
series the lid was m oun ted  tightly to the pot with 
wire, confining the sand. After pott ing of the 
seedlings the pots were random ly  placed in a 
greenhouse. Experim enta l  conditions were: 8 h dark,
18 °C and 16 h light, 21-24 °C. A m in im u m  PA R  of 
1 5 0 / /m o lm  ' s  1 (400-700 nm) was provided by 
sodium (Philips S o n - T  400W) and m ercury  lamps 
(Philips H L R G ) .  W ate r  losses, due to évapo­
transpira tion, were daily com pensated  for by adding 
nu tr ien t  solution to a p rede te rm ined  weight. T h is  
solution was applied to the bo ttom  of the pot with  a 
syringe and conta ined:  0*5 mM M g 2+, 3 '0m M  K +,
2-0 m M  C a 2+, 4-0 m M  N O a , 0-5 m M  H 2P 0 4 and
1-75 m M  S O ,2-. After 5 wk half  the n u m b e r  of pots 
of both series were waterlogged by placing them  in a 
container.  W ater  tem pera tu re  was 18-20 °C. T hese  
pots received the same am oun t  of nu tr ien ts  as their
drained counterparts .  After three more  weeks the 
plants were removed from the pots and, after rinsing 
with tap water, t ransferred  to a glass plate 
(30 x 40 cm). T h e  thickest roots (// =  3-4) were spread
over the glass plate and their  position was secured by 
small pieces of silicone tube. T h e  rest of the roots 
was placed as a bulk jus t  beneath  and beside the 
shoot. A second plate was clamped on the first, 
separated by a silicone tube  around  the root system, 
thus  creating a glass cuvette of 30 x 40 x 0-5 cm, with 
the shoot ex trud ing  at the top between the ends of 
the silicone tube (Fig. 2). T h is  gap was closed with 
clav. T h e  cuvette was flushed for 15 m in  with
m
nitrogen gas th rough  a union at the base of the 
second glass plate and a needle th rough  the clay. It 
was then filled th rough  the union with 
leucomethylene blue solution (30 m g I-1) containing 
agar (1 g I-1), t i trated colourless with sodium 
dithionite  solution. Blue coloration of the roots after 
24 h was scaled from 1-5. A white root was given the 
value 1, a dark blue root the value 5. Radial oxygen 
loss from the thickest roots was m onitored  as blue 
coloration of the solution after 24 h. Afterwards 
shoot and root dry mass were m easured  and root 
length was de term ined  using a Com air  root scanner 
(Comair,  M elbourne) .
Statistical analyses
T h e  results of the waterculture  exper im ent  were 
tested per species on main and interaction effects by 
means of a nested A N O V A  procedure.  Observations 
were nested per w ater-cu l tu re  system. T h e  
param eters  of the pot experim ent were analyzed with 
a two-way A N O V A  with  compaction and w ate r­
logging as main  effects. Before testing growth 
param eters  were log transform ed and fractional root 
porosities were arcsin t ransform ed (Sokal & Rohlf, 
1981). W h e n  significant interaction effects were 
found a subsequen t  T u k ey  test p rocedure  was used 
to in terpre t  the main effects. All statistical analyses 
were made with the SAS statistical package (SAS 
Insti tu te  Inc. Cary NC).
R E S U L T S
Hypoxia  in com binat ion  with large pores resulted in 
the formation of long, thick roots (Fig. 3). T h e  
proport ion  of these roots in the total root system was 
the largest for R. palustris followed by P. major and 
R. acetosa. T h e i r  con tr ibu tions  to the lateral root dry
mass were 5 8 %  (S E M  =  3-8), 3 7 %  (S E M  =  6*4) 
and 1 0 %  (S E M  =  2-3) respectively. Roots grown in 
quartz  sand were shorter  than roots grown in glass 
ballotini, especially in the two R um ex  species. T h ick  
roots p roduced  in the two quar tz  sand t rea tm ents  
were more b lun t- t ipped  and less elongated com pared  
with those on the hypoxic, glass ballotini t rea tm ents
(Fig. 3).
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Plantago major  
ssp. major
Rumex
palustris
Rumex
acetosa
Air/5-6 mm
Air/0-32 mm
N2/5-6 mm i
N2/0-32 mm
F ig u r e  3. Roots of Plantago major, Rumex palustris and Rumex acetosa plants, grown on glass ballotini (diam. 
5 - 6  mm) or quartz sand (diam. 0-32 mm) supplied with nutrient solution which w'as flushed with either air or 
nitrogen gas. Diameter of the petri dishes was 18-5 cm.
T h e  fixation with g lu taraldehyde caused some 
shrinkage, especially for both  Rumex  species. M a x i­
mal shrinkage, estimated by dividing the measured  
surface of a cell with its largest possible surface were 
2, 7 and 11 % in the ba llo t in i /a ir  t rea tm en t  for 
Plantago , R. acetosa and R. *palustris  respectively.
Cross-sectional coupes show the aerenchyma 
formation  by R. palustris  in the hypoxic t rea tm en t  
with large pores and the total collapse of this 
s t ruc tu re  when hypoxia was com bined  with a small 
confined pore d iam eter  (Fig. 4 b). T h e  cell m o r ­
phology and a rrangem en t  of both  P. major and R.
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Plantago major ssp. major Rumex palustris
250 //m
(d)
Rumex acetosa
Treatment
Air Air
5-6 mm 0-32 mm
n 2 n 2
5-6 mm 0-32 mm
Figure  4. Cross sections of the thickest roots of Plantago major {a)} Rumex palustris (b) and Rumex acetosa (<*) 
plants, grown on glass ballotini (diam. 5-6 mm) or quartz sand (diam. 0-32 mm) supplied with nutrient solution 
which was flushed with either air or nitrogen gas. {d) Root of Plantago major grown on glass ballotini supplied 
writh nutrient solution flushed with nitrogen gas. Arrows indicate separations of cells resulting in large pores 
(indicated with *). Bar represents 250 //m in (a), (b) and (f).
Table 1. M ean  root diameter 0 '5 -P 0  cm behind the root tip (/¿m), 
frac tion a l root porosity  ( ° 0) and largest cortical-cell diameter (fi?n), 
all ±  1 S E M , of the thickest roots of  Plantago major, Rumex palustris and  
Rum ex acetosa plants groivn on glass ballotini {diam. 5-6 mm) or qu artz  
sand {diam. 0-32 mm)
Air n 2
5-6 mm 0-32 mm 5-6 mm 0-32 mm
Root diameter
P. major 266 ±  16c 556 ±  5 a 33 4 ± 1 8 b c 418±43ab
R. palustris 274 + 27b 454 ±67  ab 726 ±  77 a 3 54 + 44 b
R. acetosa 132 + 13 c 174±46bc 356 + 23 a 283 + 33 ab
Fractional root porosity
P. major 3*1 ±  1*1 a 6-2 + 2* 1 a 6-7 ±0-68 a 5-7 + 0-06a
R. palustris 5-3 +  M b 4-5 + 0-65 b 25 ±  11 a 2*6 ±  1*3 b
R. acetosa 0-33±0*12b 0*53 ±  0-43 b 2-5 ±0-18a 0*61 ±0*35 b
Cell diameter
P. major 21 ±  1 *0 b 32 ±  21 a 23 ±  l ’Ob 30 ±  1 -2 a
R. palustris 27 + 1 *8 b 42 + l-6a 32±0-8ab 31 ±3*1 b
R. acetosa 10+l-6c 21 ±2-3b 27 ± 2-Oab 31 ±  l*8a
Plants were supplied with nutrient solution which was flushed with either air 
or nitrogen gas. n = 3-6. Different letters indicate significant differences 
between treatments w'ithin one species (P ^  0-05).
Root porosity , oxygen loss and soil aeration 571
acetosa roots seemed to be less affected by trea tm ents  
(Fig. 4<7 , c). Some of the coupes of Plantago  in the 
hypoxic, glass ballotini t rea tm en t  and the aerobic, 
quar tz  sand t rea tm en t  showed an irregular separation 
of some cell walls, mainly  in a radial direction, 
connecting the intercellular spaces, thus  creating 
large pores (Fig. 4 d).
W ith  the exception of the fractional root porosity 
for P. major there  was an interaction between pore 
d iam eter  and aeration for fractional root porosity, 
root d iam eter  and cortical cell d iam eter  for all three 
species. Root d iam eter  increased as a result of 
hypoxia for bo th  R um ex  species (Tab le  1). T h is  
effect w'as partially or totally lost when hypoxia was 
com bined  with  a small soil pore d iameter.  F o r  P. 
major a small soil pore d iam eter  resulted in an 
increase in root d iameter.  T h is  increase also became 
less when a small soil pore d iam eter  was com bined  
with hypoxia. In bo th  R um ex  species hypoxia in 
com binat ion  with  a large soil pore d iam eter  increased 
the fractional root porosity. In  P. major the fractional 
root porosity  was not significantly affected by any of 
the t rea tm ents .  T h e  d iam eter  of the largest cortical 
cells increased for P. major and R. palustris as a result 
of small pore diameter ,  and for R . acetosa as a result 
of small pore d iam eter  and hypoxia. T h e  interaction 
of the main  effects m ean t  an even h igher  increase 
when hypoxia  and small soil pore d iam eter  were
T a b l e  2. Coloration o f the selected thick roots ( TR) ,  
bulk roots ( BR) ,  number of thick roots showing radial 
oxygen loss {RR)  plus number o f selected roots (S R ) and  
mean individual root length of the selected roots ( I RL ,  
c m + 1  S E M ,  n =  7-12) o f  P lantago major,  R um ex  
palustris and  R um ex  acetosa plants
Root coloration Radial oxygen loss
TR BR RR SR IRL
P. major
DU 3 1-2 2 11 19-0±0-58a
DC 4 2-3 1 10 10-3±0-35b
W U 3-4 2 2 7 19*0 + 2-4 a
WC 2-3 1-2 0 8 18*5 ±0*40 a
R. palustris
DU 3 2-3 0 12 14-7 + 0-69a
DC 3 2-3 0 11 6-3 +  0-35 b
WU 4-5 2-A 10 10 12-7 + 0-35a
WC 2-3 1-2 0 11 9-5 + 2-7 ab
R. acetosa
DU 1-2 1-2 0 10 21-7 +1*7a
DC 1-2 1 0 8 5-7 ±0*35 c
WU 2-3 1-2 0 7 8-7±0-87b
WC 1-2 1-2 0 8 4*7 ±0*35 c
Plants were grow'n on drained uncompacted (DU), 
drained compacted (DC), waterlogged uncompacted (WU) 
and waterlogged compacted (WC) soil. Coloration is 
indicated by a figure of a scale, 1 meaning no blue 
coloration and 5 very dark coloration. Different letters 
indicate significant differences between treatments within
species (P ^0*05).
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F ig u r e  5. Mean shoot-drv mass (SDM, g), lateral-root 
dry mass (LDM, g), tap-root dry mass (TDM , g) and 
total-root length (RL, m) of Plantago major, Rumex 
palustris and Rumex acetosa plants, grow'n on drained 
uncompacted (open bars), drained compacted (horizontally 
hatched bars), waterlogged uncompacted (cross-hatched 
bars) and water-logged compacted (grey bars) soils (all -I-1
SEM, n = 3).
com bined  for R. acetosa, whereas for R . palustris  and 
P. major a com bina t ion  of t rea tm en ts  resu lted  in a 
weakening of effect of the small soil pores.
In  the pot exper im ent ,  all th ree  species showed 
significant decreases in dry  mass and  root length  as a 
result  of a h igh bulk  density  u n d e r  d ra ined  c o n ­
dit ions (Fig. 5). R. palustris and P. major show ed  no 
in teract ions of com pac t ion  and w ater logging  for dry 
mass pa ram ete rs  or total root length. F o r  R . palustris 
there  was a significant negative com pac t ion  effect for
all pa ram ete rs  (Fig. 5, S D M  P  =  0-005, L D M  P  = 
0-006, T D M  P  =  0-008, R L P  =  0-003). G ro w th  of
R . acetosa was significantly reduced  by com pac t ion
( S D M  P  = 0-018, L D M  P  = 0*016, T D M  P <
0*001, R L  P
this
0*002), b u t  no t  by waterlogging. In
species, w ater logging  had  no effect possibly  
because of the significant or nearly  significant
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interaction between the waterlogging and com ­
paction treatment. P-values for interaction effects 
were 0-07, 0-01 and 0-07 for shoot-dry mass, tap-root 
dry mass and total-root length respectively. For P. 
major, both waterlogging and compaction had nega­
tive effects on the shoots (P  =  0*043 and 0*010
respectively).
T h e thickest roots from the plants were nearly 
always darker blue in colour after treatment with 
leucom ethylene blue than the bulk roots which  
consisted of both thin and thick roots ("Fable 2). T he  
colour of the thickest roots of R. palustris and P. 
major was affected by the treatment. Roots of R. 
palustris grown in waterlogged, uncompacted soil 
and roots of P. major grown on drained, compacted  
soil or waterlogged, uncompacted soil were darker 
than those grown on drained, uncompacted soil. 
Dark coloration was inhibited when the soil was 
waterlogged and compacted. R. acetosa roots only  
reacted with a weak coloration upon waterlogging. 
Radial oxygen loss was observed over the entire 
length of all investigated R. palustris roots grown on 
uncompacted waterlogged soil (Table 2). 
Occasionallv when a root was accidentally folded  
during the preparations no R O L was observed from  
the damaged site down to the root tip. Radial oxygen  
loss was also observed in som e roots of P. major 
grown on drained uncom pacted, drained com pacted  
and waterlogged uncom pacted soil. N one of the R. 
acetosa roots showed any RO L. T h e individual root
w
length of R. acetosa was negatively affected by all 
treatments compared with the drained, uncompacted  
situation (Table 2). T h e  length of individual R. 
palustris roots decreased only upon com paction. T h e  
com bination of waterlogging and com paction re­
sulted in a wide range of root lengths. T h e  individual 
root length of P. major was only negatively affected 
by a high bulk density in a drained soil. All species 
showed an interaction effect between the com paction  
and waterlogging treatments for the individual root 
length.
D I S C U S S I O N
T h e root system s as presented in Figure 3 can be 
explained as the result of aeration and penetrating  
capacities of the individual roots. As a result of  
hypoxia all three species produced new roots with an 
increased porosity, although not significantly for P. 
major. Gas diffusion from the atm osphere through  
the shoot to the root tip, e.g. oxygen, and in opposite  
direction, e.g. ethylene, is facilitated by such an 
increase. An increased porosity is known to prom ote  
the extension capacity of a root in a hypoxic  
surrounding (Laan et a l 1990, A rm strong & 
Beckett, 1987). T h e  large increase in FR F of R. 
palustris was the result o f the formation of 
shizogenous aerenchyma (Fig. 4b). P. major roots 
did not produce aerenchyma, with som e individual
exceptions as illustrated by Figure 4 d. It is not clear 
why the reaction of individual roots on a plant was so 
different. However, there is another report on 
‘aerenchyma form ation’ for roots of Plantago 
lanceolata (Blaquiere, 1988), a species which was 
believed not to produce aerenchyma. T h e  relatively 
small root system of R. acetosa under hypoxic  
conditions reflects its poor ability to produce new  
roots with an increased FRP (Fig. 3, T able 1). For 
both Rumex  species the largest increase in root 
diameter was caused by hypoxia, for P. major it was 
due to a small soil pore diameter. T h e  increase in 
root diameter is correlated with the increase in 
cortical-cell diameter (Table 1). Radial expansion of 
the roots in com bination with a decreased longi­
tudinal growth in response to a small soil pore 
diameter is well known (e.g. M oss, Hall & Jackson,
1988). From their results it is clear that the radial 
expansion starts not directly at the root tip but very 
near to it, as would be necessary for the soil- 
penetration m echanism  proposed by Abdalla and 
Hettiaratchi (1969). In the roots shown by M oss et 
al. (1988), the external m orphology behind the root 
tip looks damaged. T h is  corresponds well with our 
results, especially for R. palustris where the root 
structure virtually collapsed when hypoxia and a 
small soil pore diameter were com bined (Fig. 4b). In 
contrast, P. major roots grown under hypoxic  
conditions in quartz sand did not possess large pores. 
As a result its internal structure did not collapse and 
the individual root length decreased least of all 
species (Figs 3, 4c?) w hen grown in hypoxic quartz 
sand.
T h e  radial oxygen loss of roots from plants grown  
in the pot experim ents reflected the internal structure 
of the roots very well. T h e  onlv situation in which
w  «r
R O L was found for all roots was the waterlogged, 
uncom pacted series of R. palustris. A ssum ing that an 
increased bulk density im plies a rearrangement of 
the soil particles in a more dense way and thus a 
smaller mean soil pore diameter, the growth con ­
ditions of individual roots of this series can be 
compared with the N 2, glass ballotini series of the 
waterculture experim ent, in which the roots pro­
duced aerenchym atous tissue. In the waterlogged, 
com pacted series, which can then be compared with  
the N 2, quartz sand treatment, no R O L  was 
observed, leading to the conclusion that here too the 
formation of aerenchyma was either inhibited or the 
aerenchyma collapsed as a result o f radial expansion  
behind the root tip. T h e  fact that in a few roots of P. 
major R O L  was found in three different treatments 
strengthens the assum ption that under certain con ­
ditions large pores may exist also in P. major roots. 
It is not quite clear w hich treatment triggers this 
phenom enon since it was also observed in the 
uncom pacted, drained situation. T h e  fact that for P. 
major and R. palustris the thickest roots always were 
darker coloured than the bulk roots em phasizes the
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plasticity in the FRP of an individual plant. For R. 
acetosa this morphological plasticity was smaller, as 
may be concluded from Table 1 in combination with 
Table 2. In contrast to the results of the waterculture 
experiments where the com bination of hypoxia and a 
small soil pore diameter had the greatest influence on 
growth of individual roots (Fig. 3), in the pot 
experiments this was achieved by an increased bulk 
density. T h is  difference can be explained by the low  
moisture content of the top soil in the pots rather 
than bv a difference in mechanical resistance between
J
the two experiments. D ue to evaporation the top soil 
was rather dry and the com paction delayed root 
penetration to m oist soil. T h is  is also reflected in the 
other growth parameters (Fig. 5). T h e  interaction  
effect that was found for the individual root length of 
all species in the pot experim ent should be 
interpreted as a smaller com paction effect when the 
soil was waterlogged compared with when the soil 
was drained (Table 2). All measured roots were long 
enough to reach the deeper moist soil layers. 
'Therefore, for this parameter a partial relief of the 
mechanical pressure by the high water content in the 
waterlogged, com pacted soils probably was of im ­
portance. P. major was much more affected by 
compaction in the pot experim ents compared with  
the water-culture experim ent as a result of a low 
moisture content during the early growth stage. T h e  
species is known to be very sensitive to the moisture  
conditions during establishm ent (Blom , 1976).
C om bining the two experim ents we may conclude  
that a small soil pore diameter indeed inhibits 
arenchyma formation under hypoxic conditions for 
R. palustris , resulting in a poor aeration of the root 
tip and a decreased root extension and RO L. T h e  
higher fractional root porosity as a result of larger 
intercellular spaces in P. major , seem s a less 
vulnerable solution for aerating the root in conditions  
)f high mechanical resistance. Possible aerenchyma  
formation by this species was absent when the soil 
was hypoxic in com bination with a high mechanical 
resistance. R. acetosa only increased its FRP slightly  
upon hypoxia. As a result of this the root did not 
:ollapse in the com bination of hypoxia and a small, 
confined soil pore diameter. T h e  results explain at 
east partially wrhy R. palustris only occurs on wet 
-ites which are not subm itted to regular trampling  
>r another treatment resulting in com paction. 
\erenchym a, its adaptation to hypoxic soil con- 
litions, is of no benefit in hypoxic, com pacted soils. 
The results for P. major ssp. major indicate that in 
he established phase this species could occur on 
>oth drained and waterlogged soils independent of  
heir bulk densitv. Therefore, the fact that it does 
lot occur on low situated, wet places in the river 
loodplains has to be explained by restrictions during  
>ther life stages (K uiper & Bos, 1992). Finally, R. 
icetosa cannot maintain a healthy root system  w hen  
the soil is either hypoxic or com pacted, explaining
why in the field this species can only be found on 
raised, well drained, seldom ly flooded places, which  
remain relatively undisturbed and uncompacted.
A C K N O W L E D G E M E N T S
T h e  a u th o r s  w'ish to  th a n k  P ro fe s so r  D r  M . M . A. S assen , 
D r  J. W . M . D e rk s e n  a n d  th e i r  s ta ff  fo r  th e i r  a id  w ith  
p re p a r in g  th e  c ro ss -se c t io n a l  c o u p e s  a n d  D r  K . C. 
S tu m m  an d  T h e o  L a e y e n d e c k e r  for p h o to g ra p h in g  th e m .
R E F E R E N C E S
A bdalla  AM, H e t t ia ra tc h i  DRP. 1969. T h e  mechanics of root 
growth in granular media. Journal of Agricultural Engineering 
Research 14: 236-248.
A rm s tro n g  W. 1979. Aeration in higher plants. Advances in 
Botanical Research 7: 225-332.
A rm stro n g  W, Beckett PM. 1987. Internal aeration and the 
development of stelar anoxia in submerged roots. A multishelled 
model combining axial diffusion of oxygen in the cortex with 
radial oxygen losses to the stele, the wall layers and the 
rhizosphere. N ew  Phytologist 105: 221-245.
A rm s tro n g  W, Ju s t in  SHFW, B eckett PM, L y the  S. 1991. Root 
adaptation to soil waterlogging. Aquatic Botany  39: 57-73. 
B engough  AG, M u ll in s  CE. 1990. Mechanical impedance to 
root growth: a review of experimental techniques and root 
growth responses. Journal of Soil Science 41: 341-358. 
B engough  AG, M u ll in s  CE. 1991. Penetrometer resistance, root 
penetration resistance and root elongation rate in two sandy 
loam soils. Plant and Soil 131: 59-66.
B lacq u ie re  T. 1988. Nitrogen nutrit ion of Plantago lanceolata L. 
in a fen ecosystem. In: Physiology and ecology of ammonium and 
nitrate nutrition in Plantago and Alnus. Ph.D . thesis. University 
of Groningen, Groningen, T h e  Netherlands, 107-120.
Blom CWPM. 1976. Effects of trampling and soil compaction on 
the occurrence of some Plantago species in coastal sand dunes.
I. Soil compaction, soil moisture and seedling emergence. 
Oecologia Plantarum  11: 225-241.
Blom CW PM, H u sso n  LM F, W esthoff  V. 1979. Effects of 
trampling and soil compaction on the occurrence of some 
Plantago species in coastal sand dunes. IVb. T h e  vegetation of 
two dune grasslands in relation to physical soil factors. 
Proceedings of Koninklijke Nederlandse Akademie voor 
Wetenschappen 82: 260-273.
Blom CW PM, B o g e m a n n  GM, L a a n  P, v an  d e r  S m a n  AJM, 
v an  de  S teeg  H M , V oesenek  LACJ. 1990. Adaptations to 
Hooding in plants from river areas. Aquatic Botany  38: 29-47. 
D rew  EA, R o b e r tso n  WAA. 1974. A simple field version of the 
Winkler determination of dissolved oxygen. N ew  Phytologist
7 3 :7 9 3 -7 9 6 .
E n g e la a r  W M H G , Jacobs  M H H E , B lom  CW PM. 1993. Root 
growth of Rum ex  and Plantago species in compacted and 
waterlogged soils. Acta  Botanica Neerlandica 42: 25-35.
F it te r  AH. 1987. An architectural approach to the comparative 
ecologv of plant root systems. N ew  Phytologist 106 (suppl):
61-77.'
F it te r  AH, S t ick lan d  TR, H a rv e y  M L, W ilson  GW. 1991.
Architectural analysis of plant root systems. 1. Architectural 
correlates of exploitation efficiency. New' Phytologist 118:
375-382.
H a d a s  A. 1990. Directional s trength in aggregates as affected by 
aggregate volume and by a w e t /d ry  cycle. Journal of Soil 
Science 4 1 : 85-93.
H e t t i a r a tc h i  DRP. 1990. Soil compaction and plant root growth. 
Philosophical Transactions of the Royal Society of London B 329:
343-355.
H o a g la n d  DR, A rn o n  DI. 1950. T h e  water-culture  m ethod for 
growing plants without soil. Circulations of the Californian  
Agricultural Experimental S tation  347, 39 pp.
Ja c k so n  MB, D re w  MC. 1984. Effects of flooding on herbaceous 
plants. In :  Kozlowski T T ,  ed. Flooding and plant grozuth. 
L ondon :  Academic Press, 47-128.
K u ip e r  PJC, Bos M. 1992. Plantago: a multidisciplinary study. 
Ecological studies 89, Berlin: Springer-Verlag.
574 TV. AI. H . G. Engelaar and others
K u tsc h e ra  L. 1960. Wurzelatlas mitteleuropaischer 
Ackerunkrauter und Kulturpflansen. Frankfurt am m a in : D L G -  
Verlag-GmbH, 485-488.
L aan  P, S m o ld e rs  A, Blom CWPM, A rm stro n g  W. 1989. T he
relative roles of internal aeration, radial oxygen losses, iron 
exclusion and nutrient balances in flood tolerance of Rumex  
species. Acto Botánico Neerlandica 38: 131-145.
L aan  P, T o sse ra m s  M, Blom CWPM, Veen BW. 1990. Internal 
oxygen transport in Rumex  species and its significance for 
respiration under hypoxic conditions. Plant and Soil 122:
39-46.
L idd le  MJ, G reig -Sm ith  PJ. 1975. A survey of tracks and paths 
in a sand dune ecosystem. I. Soils. Journal of Applied Ecology
12: 893-908.
M ack ie -D aw son  LA. 1989. T he  effects of surface soil con­
solidation on the early root development of pea (Pi sum sativum
L.). Plant and Soil 116: 126-128.
M oss GI, H all  KC, Jack so n  MB. 1988. Ethylene and the 
responses of roots of maize (Zea mays L.) to physical impedance. 
New Phytologist 109: 303-311.
P o n n a m p e r u m a  FN. 1984. Effects of flooding on soils. In: 
Kozloxvski T T ,  ed. Flooding and plant growth. London: 
Academic Press, 9-45.
Sokal RR, R oh lf  FJ. 1981. Biometry. San Francisco: Freeman. 
Spurr  AR. 1969. A low-viscositv epoxy resin embedding medium 
for electron-microscopy. Journal of Ultrastructural Research
26: 31-43.
T acke tt  JL, P ea rso n  RW. 1964. Oxygen requirements of cotton 
seedling roots for penetration of compacted soil cores. Soil 
Society of America Proceedings 28: 600-605.
V oesenek LACJ, Blom CWPM, P ouw els  RHW. 1989. Root
and shoot development of Rumex  species under waterlogged 
conditions. Canadian Journal of Botany  67: 1865-1869. 
V oesenek LACJ, van  d e r  S m a n  AJM, H a r r e n  FJM, Blom 
CWPM. 1992. An amalgamation between hormone physiology 
and plant ecology: A review on flooding resistance and ethylene. 
Journal of Plant Growth Regulation 11: 171-188.
W ie rsu m  LK. 1957. T he  relationship of the size and structural 
rigidity of pores to their penetration by roots. Plant and Soil 9:
75-85.’
